Monochamus alternatus, the main vector beetles of invasive pinewood nematode, has established a symbiotic relationship with a native ectotrophic fungal symbiont, Sporothrix sp. 1, in China. The immune response of M. alternatus to S. sp. 1 in the coexistence of beetles and fungi is, however, unknown. Here, we report that immune responses of M. alternatus pupae to infection caused by ectotrophic symbiotic fungus S. sp. 1 and entomopathogenic fungus Beauveria bassiana differ significantly. The S. sp. 1 did not kill the beetles while B. bassiana killed all upon injection. The transcriptome results showed that the numbers of differentially expressed genes in M. alternatus infected with S. sp. 1 were 2-fold less than those infected with B. bassiana at 48 hours post infection. It was noticed that Toll and IMD pathways played a leading role in the beetle's immune system when infected by symbiotic fungus, but upon infection by entomopathogenic fungus, only the Toll pathway gets triggered actively. Furthermore, the beetles could tolerate the infection of symbiotic fungi by retracing their Toll and IMD pathways at 48 h. This study provided a comprehensive sequence resource of M. alternatus transcriptome for further study of the immune interactions between host and associated fungi.
INTRODUCTION
Monochamus alternatus (Cerambycidae: Coleoptera) is a species of sapro-xylophagous sawyer beetles (Vicente et al., 2012) that cause significant losses to pine trees (Alves et al., 2016) . Moreover, it serves as a main vector of Bur†Contributed equally to this work *Corresponding authors (Lilin Zhao, email: zhaoll@ioz.ac.cn; Jianghua Sun, email: sunjh@ioz.ac.cn) saphelenchus xylophilus, a causal organism of pine wilt disease (PWD), for its tree-to-tree dispersal (Mamiya and Enda, 1972) . Monochamus alternatus has also developed a symbiotic relationship with an ectotrophic ophiostomatoid blue stain fungus, Sporothrix sp. 1 (Zhao et al., 2013) which also gets dispersed adhering to M. alternatus body surfaces (Suh et al., 2013) . Unlike entomopathogenic fungi, S. sp. 1 can coexist with M. alternatus and is even known to promote development and survival of beetles (Zhao et al., 2013) . In the nature, many insects develop symbiotic relationships with ophiostomatoid blue stain fungi (Dori-Bachash et al., 2015; Lu et al., 2016; Repe et al., 2013; Zhao et al., 2014) . As symbiotic fungi, most of them do not kill their hosts, rather are beneficial to them (Hartley and Gange, 2009) which is very different from entomopathogenic fungi. With the symbiotic interactions concerned, the molecular mechanism of insects permitting ectotrophic fungi to coexist on their body surfaces needs to be clarified.
The symbiotic relationships between insects and microorganisms include endotrophic and ectotrophic symbiosis (Hartley and Gange, 2009 ). Compared to endotrophic symbiosis, the ectotrophic symbiosis is more common because of a wider range of suitable external environments and unlike the endosymbiosis, the fungi does not have to deal with the host's internal immune defense. For example, the fungus-growing ants maintain an obligate mutualism with the ectotrophic fungi they grow for food and in return, the ants provide the fungus with substrate for growth, dispersion and protection (Currie et al., 2003) . Similarly, the ectotrophic symbiotic fungus Leptographium procerum of bark beetles has strong biodegrading activities to lower the strength of pine resistance toward the invasive beetle-microorganisms symbiosis (Lu et al., 2016; Xu et al., 2015) . In general, most of studies on ectotrophic fungi have concentrated on symbiosis, but not on the immune responses of insets to them.
For systemic defense against pathogenic microorganisms, insects are capable to evolve their immune system to enhance cellular and humoral immunity. Upon an infection, the immune system may trigger either cellular or humoral responses against the pathogens. The cellular response is mediated by hemocytes that initiate phagocytosis, encapsulation or nodulation of pathogens (Schmidt et al., 2001; Strand and Pech, 1995) while humoral response promotes antimicrobial peptides (AMPs) production, coagulation and melanization (Gillespie et al., 1997; Lowenberger, 2001; Muta and Iwanaga, 1996) . The immune signaling pathways including Toll (Valanne et al., 2011) , IMD (Silverman and Maniatis, 2001) , JNK (Rämet et al., 2002) , and JAK/STAT (Agaisse et al., 2003) are triggered by recognition of pathogen-associated molecular patterns (PAMPs) on the microbial surface (Baeg et al., 2005) . The Toll and IMD pathways are the major regulators of the immune response (De Gregorio et al., 2002; Zou et al., 2007) . The activation of Toll and IMD pathways result in the expression of AMPs via NF-кB-like transcription factors (Lemaitre et al., 1996) . Toll pathway is induced in response to fungal and Gram-positive bacterial infection and is mediated by an extracellular serine protease (SP) cascade. Upon infection, the Toll pathway is activated in the haemolymph and leads to the binding of Spaetzle to Toll which activates dMyD88 and the kinase Pelle. It leads to degradation of Cactus and the release of NF-кB-like transcription factors Dorsal and Dif. While, the IMD pathway is induced primarily in response to Gram-negative bacteria. The ultimate target of IMD pathway is Relish, a Rel/NF-кB transactivator. It is cleaved by the caspase Dredd and IKK. TAK, a MAPKKK, functions upstream of the IKK and downstream of IMD, a receptor interacting protein (De Gregorio et al., 2002; Lemaitre, 2004) . In general, JNK and JAK/STAT pathway also could regulate AMPs (Garver et al., 2013; Park et al., 2004) .
Beauveria bassiana is one of the most ubiquitous and extensively studied entomopathogenic species (Ferron, 1978) . As one of the biological control agents (BCA), B. bassiana has high activity against a variety of agricultural pests, and essentially no toxicity or infectivity toward vertebrates (Wraight et al., 2000) . When it infects the insects, B. bassiana elicits the cellular and humoral immune reaction of the host and activation of Toll pathway (Gottar et al., 2006; Yassine et al., 2012) . Finally, this fungus overcomes the immune responses of host and kills it. Hence, in an attempt to understand the underlying mechanism of immune tolerance of host to ectotrophic symbiotic fungus, we have compared the immune responses of M. alternatus pupae to S. sp. 1 and B. bassiana. We also adopted a high-throughput RNA-seq technology without reference genome of M. alternatus to find out the nature of the immune responses of the beetles infected by different fungi. Our aim is to reveal the different immune responses of M. alternatus pupae to infection caused by ectotrophic symbiotic and entomopathogenic fungi and provided valuable reference information for further study of the immune interactions between the host and symbiotic fungi.
RESULTS

The death rates of M. alternatus infected by different fungi
The pupae of M. alternates displayed different responses upon infection by S. sp. 1 and B. bassiana in injection and contact experiments. The results demonstrated no significant differences in development and responses of the pupae infected with S. sp. 1 and the control. Both type of pupae continued their normal development and became adults. However, pupae that were injected with B. bassiana turned black in color around the wound within 24 h, and after 48 h of infection only 23% of pupae could survive. At 72 h after infection, these pupae were completely melanized and died. A month later, these carcass were completely wrapped in fungal mycelium and conidial masses ( Figure 1A and B) .
Similar results were observed in contact experiment ( Figure  1C ). In 5 days, the mycelia hyphae of both S. sp. 1 and B. bassiana started invading the bodies of pupae. However, at the 10 days, the pupae in B. bassiana cultures died and were completely wrapped in mycelia mass. Whereas in contrast to that, the pupae kept in S. sp. 1 cultures were alive and continued their normal development until adult eclosion. 
Identification and functional classification of differential expressed transcripts of M. alternatus injected by different fungi
To find out the different death rates of M. alternatus infected by different fungi, the cDNA libraries of infected M. alternatus were constructed and the differentially expressed genes were analyzed. According to BLASTX searches against the non-redundant (NR) sequence database, 55,059 unigenes were annotated. The profiles of 48 h post-infection by S. sp. 1 and no-infection (control) clustered together with similar expression patterns, indicating that pupae adapted to the symbiotic fungus S. sp. 1 and maintained a normal body state. In addition, five major gene clusters were identified that exhibited a distinct expression pattern over time ( Figure  2A ). The up-regulations of 19,151 unigenes were observed in cluster 1, showing a severe response of M. alternatus to B. bassiana infection after 24 h. However, after 48 h of B. bassiana infection, other cluster genes (cluster 3, 11,969 unigenes) were up-regulated. A large number of genes (9,576) in cluster 2 were expressed mostly after 24 h infection by S. sp. 1. However, most genes showed normal expression after 48 h infection except cluster 4 genes (6,702). These results suggested that the gene regulations were different between the fungi infections and the pupae after 48 h infection by S. sp. 1 tended to be normal.
In comparison to control group, the results show that 10,122 transcripts were significantly regulated (5,453 up-and 4,669 down-regulated) 24 h after infection by B. bassiana, while more transcripts (8,406 up-and 5,309 down-regulated transcripts) were changed at 48 h. With the increase of the infection time, the gene expression of beetles became active. There were 5,967 commonly regulated transcripts (2,605+239+298+2,825) at both time points injected by B. bassiana ( Figure 2B ). For S. sp. 1 infected pupae, a total of 5,111 transcripts were up-regulated and 4,179 were down-regulated at 24 hours post injection, while fewer transcripts (2,493 up-and 4,267 down-regulated) were significantly changed at 48 h after infection ( Figure 2C ). These results indicate that the gene regulation of beetles was active at 24 h after infection by both S. sp. 1 and B. bassiana, however, the expression varied significantly at 48 h after infection between pupae infected by different fungi. The gene regulation of M. alternatus infected by B. bassiana was more active at 48 h (up 5,503+2,605+298, down 2,245+239+2,825), while that infected by S. sp. 1 was less active at 48 h (up 1,045+1,309+139, down 1,852+281+2,134). These results corresponded to the heat map cluster of the transcriptional FPKM values. The data of Bb and Ss groups at 24 h were clustered together, and then clustered with the most active Bb group at 48 h, meanwhile the data of Ss group at 48 h and control were clustered (Figure 2A) .
To further explore the potential functions of identified DETs and the pathways involved, we performed the Gene Ontology (GO) enrichment and KEGG analysis for DETs. There were three parts of the GO function annotations, including cellular component, molecular function and biological process (Ashburner et al., 2000) . Results showed that most of DETs were enriched in molecular function (catalytic activity, binding) and biological process (metabolic process, cellular process) ( Figure 2D ). KEGG pathway analysis of up-regulated DETs in Ss and Bb groups revealed that more DETs were involved in transcription, folding, sorting and degradation, replication and repair, carbohydrate metabolism, enzyme families, signal transduction, signaling molecules and interaction ( Figure 2E ). The results of GO and KEGG analysis indicated that fungal infections affected the cellular response and the overall metabolic activities of the insects. The gene regulation of beetles infected by B. bassiana at 48 h was most active, while that by S. sp. 1 at 48 h was least active which tended to be non-infection conditions for beetles. mune response effectors and cellular immune genes. The group of intracellular signal transduction molecules about 32.49% was related to Toll, IMD, JNK and JAK/STAT pathways. Among this group we identified 20 immunity-related genes in Toll pathway and 22 immunity-related genes in IMD pathway that were the main signal pathways in insect immunity ( Figure 3A) .
Hence the intracellular signal transduction molecules, including genes of Toll and IMD pathway, were filtered out from differentially expressed genes of the transcriptomes compared to control group. After 24 hours of infection, 14 genes were detected from the DETs of M. alternatus infected by S. sp. 1 which mainly included the genes for Toll and IMD pathways. After 48 h of infection by S. sp. 1, the number of DETs decreased quickly, especially the number of genes for Toll and IMD pathway (Table S1 in Supporting Information). In contrast, when the pupae were infected by B. bassiana, the number of DETs was higher after 24 h which was 16. But after 48 h, the number of DETs in intracellular signal transduction of Ss group (6) was not like Bb group (15). The number of DETs in intracellular signal transduction of beetles infected by B. bassiana after 24 h was similar to that after 48 h and the Toll pathway occupied a dominant position ( Figure 3B ).
Quantitative real-time PCR analysis of selected immunerelated genes
In addition, we performed quantitative real-time PCR analysis of selected immunity-related genes to verify the immune response changes between control and treatment groups. The results revealed that key genes of S. sp. 1 infected pupae in Recognition, Toll (Toll, MyD88, Pelle, Cactus) and IMD (IMD, Tab, Tak, Ikkb, Rel) pathways maintained a high level of expression at 24 hours post infection. But the expression of these immunity-related genes returned to normal levels at 48 h after infection resulting to immune tolerance of M. alternatus to S. sp. 1. However, in the pupae infected by B. bassiana, the expression levels of immunity-related genes changed unconspicuously at 24 h. Noticeably, the genes in recognition and Toll pathway were active very significantly, whereas the genes in IMD pathway were almost not active at 48 h ( Figure 3C ).
DISCUSSION
The interaction of symbiotic microorganism and their hosts is beneficial to maintain physiology, metabolism and immune homeostasis of hosts (Bäckhed et al., 2005) . Also the innate immunity of hosts can maintain the delicate balance of immune tolerance in the symbiotic system. Although the symbiotic relationships exist in most of the metazoan, immune mechanism of ectotrophic symbiosis is still not very clear. Here we found the immune tolerance of the beetle M. alternatus to the infection caused by ectotrophic symbiont S. sp. 1. According to the immunity-related genes expression profile of S. sp. 1 infected pupae at different time points, blue stain fungus triggered an acute immune response in the early stage of infection, whereas M. alternatus tolerated the infection of S. sp. 1 and maintained a normal body state at later stage of infection, the heat map of expressions of immunity-related genes was clustered similarly with control groups. Coincidentally, this is obvious in the intestinal environment of organisms where the associated microorganisms forms a set of sophisticated immune mechanism to tolerate the microorganisms in symbiosis (Müller et al., 2005; Macdonald and Monteleone, 2005 ). An immune regulator of Drosophila, PGRP-LC-interacting inhibitor of IMD signaling (PIMS), decreases the release of peptidoglycan recognition protein (PGRP-LC) from the plasma membrane hence block the IMD pathway of Drosophila to tolerate the symbiosis of bacteria (Lhocine et al., 2008) . In our research, a similar immune tolerance mechanism has been observed when insects maintain symbiosis with endotrophic fungi. The larva of ghost moth, Hepialus xiaojinensis, developed tolerance to the endotrophic fungus, Ophiocordyceps sinensis. The heatmap of H. xiaojinensis infected by O. sinensis showed normal expression levels after prolonged infection (Meng et al., 2015) . However, most of researches focus on the endotrophic system, while our studies showed the immune responses of host infected by an ectotrophic symbiont.
As symbiotic fungi, most of them do not kill their host at the early stage, even are beneficial to their hosts (Hartley and Gange, 2009) . This is very different from entomopathogenic fungi, such as B. bassiana. Our research show that at 24 h, the immune responses of M. alternatus infected by B. bassiana were inactive. However, the genes of Toll pathway were activated vigorously at 48 h, and the beetles were dead within a few days. Similarly, previous research suggested that natural infection of Drosophila by B. bassiana leads to the expression, via the selective activation of genes in Toll pathway encoding antifungal activity (Lemaitre et al., 1997) . While the host showed different immune responses to symbiotic fungi. The immune responses of M. alternatus infected by symbiont S. sp. 1 were activated in both IMD and Toll pathways. However, these immunity-related genes were inactive at 48 h, which could maintain the symbiosis between host and symbiotic microorganism.
Many studies have reported that the presence of ophiostomatoid blue stain fungi, Ophiostoma minus and Trichoderma sp., increased the number of PWNs carried by M. alternatus (Maehara and Futai, 2000) and S. sp. 1 also had a positive influence on the growth and survival of beetles (Zhao et al., 2013) . At the transcriptome level, we noticed activation of 9,290 transcripts of beetles infected by S. sp. 1 after 24 h. Besides, most of DETs belonged to molecular function and biological process, a majority of up-regulated genes were mainly involved in transcription, folding, sorting and degradation, replication and repair, carbohydrate metabolism, signal transduction, signaling molecules and interaction, etc. Briefly, we could speculate that S. sp. 1 might accelerate the metabolism of M. alternatus and the injection of S. sp. 1 could cause immune responses and conspicious changes on physiological metabolism in beetles. The immune tolerance of M. alternatus might be related to the positive influence of S. sp. 1 to the development of M. alternatus, which should be clarified in the future.
The research of the interaction between M. alternatus and the native fungal symbiont, S. sp. 1 is an important part of the symbiotic system that contains B. xylophilus, M. alternatus and native ophiostomatoid blue stain fungi. However, M. alternatus genome is still unavailable, and hence is a huge obstacle to understanding the molecular biology of beetles in relation to B. xylophilus and blue stain fungi. In this research, 55,059 unigenes and 197 immunity-related genes, including many key genes in Toll and IMD pathways were annotated from RNA-seq. The genes identified and annotated in this study will contribute to a better knowledge of molecular basis of immunity of beetles against its symbiotic fungi, and ultimately provides a new direction to study pinewood disease system for better understanding of the interaction of forest pests and fungi.
MATERIALS AND METHODS
Beetle rearing and fungi culture
Monochamus alternatus beetles were collected from Zhejiang Province, China and their cultures were maintained in the laboratory for several generations before experiments. The larvae were reared on an artificial diet at 25°C in the dark and used in bioassays at the early pupal stage.
The fungal cultures were obtained on potato dextrose agar (PDA) plates at 25ºC and 80% humidity for one week. Sporothrix sp. 1 (CMW29982) is a local Chinese species of ophiostomatoid blue stain fungi and the specimen is deposited in the culture collection (CMW) of the Forestry and Agricultural Biotechnology Institute (FABI), University of Pretoria, Pretoria, South Africa. The strain number of B. bassiana is ARSEF2860.
Survival analysis of co-culture of beetles and fungi
In order to be closer to the actual condition in the field for the co-culture tests, phloem media containing mixture of bast powder and MEA was used to culture S. sp. 1 or B. bassiana in this experiment. At the first day of pupation, M. alternatus pupae (10 in each group) were cultured on the plates of S. sp. 1 or B. bassiana. Next, the plates were incubated at 25ºC in the dark and checked daily for the growth of beetles. Pupal survival was counted daily after infection until they died to calculate mortality rate. The experiment was repeated three times. GraphPad software was used in all statistical analysis.
Survival analysis of beetles injected by fungi and RNA sample preparation
At the first day of pupation, beetles from the same batch were divided into three groups (10 beetles in each group). Each pupa was infected with S. sp. 1, B. bassiana or sterile PBST (as control) by injecting 2 μL diluted fungal suspension (3×10 6 conidia μL −1 ) at second abdominal segment using a glass capillary injector. The infected pupae were incubated at 25ºC. Pupal survival was observed at 24, 48 and 72 h and mortality rates were calculated.
For RNA sampling, fat body tissues were collected under a dissection microscope from pupae 24 and 48 h after they were infected with S. sp. 1 and B. bassiana. Control samples from PBST-injected pupae were prepared at 48 h after infection in the same way. Samples were lysed in 1 mL of TRizol Reagent (Invitrogen, USA) to extract total RNA according to the manufacturer's instructions. RNA concentrations were detected on a ND-1000 Spectrophotometer (NanoDrop Technologies, Inc., USA). Each sample was prepared by combining three individual beetles.
Library construction and Illumina sequencing
From each treatment or control group, total RNA of 5 μg was used to enrich poly (A) mRNA using oligo (dT) magnetic beads Dynabeads ® . RNA-seq libraries were prepared by following the RNA-Seq Library Preparation Kit for Whole Transcriptome Discovery . The treatment and control libraries were sequenced on Illumina HiSeq 2000 platform in the Beijing Institute of Genomics (Chinese Academy of Sciences).
Assembly of transcriptomes and functional classification
The original sequences from each cDNA library were processed to remove low quality sequences, adaptors and readings contaminated with microbes. The clean sequences were, then, de novo assembled to produce contigs using the short reads assembling program, Trinity (version 2013), in accordance with default parameters. After assembly and removal of redundant sequences, the clean reads were clustered using the Cd-hit clustering software. For functional annotations, we searched all unigenes against the NCBI non-redundant (NR) sequence database (http://www.ncbi.nlm.nih.gov/) and Swiss-prot database using BLASTX (E-value<10 −5 ). Moreover, in order to confirm enriched GO terms, all unigenes were subjected to gene ontology (GO) enrichment analysis through BLAST2GO against GO database. Finally, based on the KEGG (Kyoto Encyclopedia of Genes and Genomes database) analysis, we detected the enriched pathway and metabolic networks at the KEGG website (Hou et al., 2015) . The R package RSEM was used to calculate the fragments per kilobase of exon per million fragments mapped (FPKM) value (Tu et al., 2012) . The differentially expressed genes (DEGs) were filtered out by R package DEGseq with a cut-off P-value<0.001 (Wang et al., 2010) . The genes were considered differentially or significantly expressed if they had a P value<0.05 and a fold change of either>2 or <0.5 (Xiong et al., 2015) .
Quantitative real-time PCR analysis and hierarchical clustering of main differentially expressed transcripts (DETs)
To confirm the expression profile from RNA-seq results, we selected some of the major immunity-related genes and designed specific primers (Table S2 in Supporting Information) to perform a quantitative real-time PCR analysis. Total RNA of 1 μg was used for cDNA synthesis with FastQuant RT Kit (Tiangen, Beijing). The quantitative real-time PCR was performed on a MX3000P system using SYBR green PCR Master Mix. The thermal cycling conditions were: 95°C, 5 s; 55°C, 30 s; 72°C, 30 s (40 cycles). The qPCR data were collected and analyzed by Hierarchical cluster analysis performed using heatmap.2 function within gplots package in R environment.
Statistical analysis
In all experiments, the data between the two groups were evaluated by the unpaired two-tailed Student's t test or MannWhitney U test depending on the results of the tests of normality and homogeneity. The data obtained were analyzed using SPSS 18.0 software (SPSS, Inc., USA) (Vandepitte et al., 2014) .
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